How lifespan associates with aging trajectories of health and disease is an urgent question in 12 societies with increasing lifespan. Body mass declines with age are associated with decreased 13 organismal functioning in many species. We tested whether two factors that decreased lifespan 14 in zebra finches, sex and manipulated environmental quality, accelerated the onset and/or rate 15 of within-individual body mass declines. We subjected 597 birds for nine years to 16 experimentally manipulated foraging costs (harsh = H, benign = B) during development and in 17 adulthood in a 2x2 design. This yielded four treatment combinations (HH, HB, BH, BB). Harsh 18 environments during development and in adulthood decreased average body mass additively. In 19 males, the aging trajectory was quadratic, with a maximum between 3.5 and 4 years, and 20 independent of the environment (HH=HB=BH=BB). In females, the shape of the aging trajectory 21 differed between environments: a quadratic trajectory as in males in the benign adult 22 environment (HB=BB), a linear decline when benign development was followed by harsh 23 adulthood (BH) and a linear increase when in a lifelong harsh environment (HH). We found no 24 evidence for an association between lifespan and body mass aging trajectories either between or 25 within experimental groups. However, females lived shorter than males, and their body mass 26 decline started earlier for most treatment combinations. Thus, we conclude that foraging 27 conditions can affect the shape of body mass aging trajectories, but these are independent of 28 lifespan. 29
Introduction 30
Senescence is the decline in organismal functioning with age resulting in declining fecundity and 31 survival. Aging is a change in trait functioning with age, which may or may not be associated 32 with declines in fecundity or survival. Aging ends in death and therefore the (implicit) 33 assumption is often made that factors that changes in lifespan also alter aging. However, aging 34 can differ from lifespan in that it explicitly refers to the change in organismal functioning 35 preceding death. Hence to what extent factors that alter lifespan also alter aging remains to be 36 6 seasonal variation in trait values. To this end, we first investigated for each trait how best to 121 correct for daily and seasonal variation in trait values (Supp. Information 2). Model selection 122 approach (see below) indicated that we best captured daily and seasonal variation in 3 123 variables: (i) daylength, (ii) photoperiod dynamics (increase vs. decrease), (iii) time of 124 measurement and their interactions (Table S1 ). Hence to obtain unbiased age estimates we use 125 body mass values adjusted for daily and seasonal fluctuations in all further analyses. 126
Population level associations between trait values and age can be composed of two processes: (i) 127 a within individual change in trait value with age and (ii) a between individual change due to 128 selective mortality of individuals with certain trait values. We distinguished the contributions of 129 these two processes using a within subjects centering approach (van de Pol and Verhulst, 2006 ; 130
van de Pol and Wright, 2009). In this approach the within individual changes are captured in a 131
Δage term, which is the age at measurement mean centered per individual. Within individual 132 changes can also show terminal changes before death. We therefore added a terminal term as a 133 separate variable, coded as a binomial factor for whether or not an individual died within the 134 year following the measurement. The between individual change is captured by the term 135 lifespan, mean centered across our population. For censored birds, i.e. those still alive (N=179) 136 or that died an accidental death (N=16), lifespan is unknown and thus received a lifespan of zero. 137
In this way, these birds contribute only to the estimate of within individual trait change while 138 having no effect on the estimates of between individual trait change. To test whether within 139 individual change is environment specific we included the interaction between Δage terms and 140 our experimental manipulations. Tests for context dependent developmental effects were done 141 with three-way interactions (e.g. Δage*development*adult). 142
All analyses were done using a general linear mixed modeling approach with the function 'lmer' 143 of the package 'lme4' version 1.1-10 (Bates et al., 2015) in R version 3.2.1 (R Core Team, 2014) . 144
Experimental treatments during development (small vs. large broods), adulthood (low vs. high 145 foraging costs) and their interaction were included as categorical variables. All analyses included 146 individual as a random intercept and Δage and Δage 2 nested within individuals as a random 147 'slope'. The random slope quantifies the within-individual variation in aging and is required for 148 the correct estimation of confidence intervals when investigating within individual changes 149 (Schielzeth and Forstmeier, 2009 ). Such models require considerable sample sizes to accurately 150 estimate fixed and random effects and our data ( (Table S2 ; ΔAICc=-32.4). The effects of both manipulations on mass were additive 169 (Table S2 ; developmental * adult environment ΔAICc=+3.3; Fig 2) . Because mass is to a large 170 extent determined by an individual's body size (r=0.56), we investigated to what extent the 171 manipulation effects on mass were independent of size. Growing up in large broods resulted in 172 smaller adult body size (N=594 individuals; t=-4.37; p=0.00001), while there was no association 173 between the adult manipulation and size (t=-1.41; p=0.16). When we analyzed the manipulation 174 effects on mass including body size as a covariate, we found that the effect of the brood size 175 manipulation on mass approximately halved from 0.56 to 0.27g, but the effect of brood size on 176 mass remained clear (ΔAICc=-1.7). In contrast, correcting for size made the adult manipulation 177 effect on mass more evident (ΔAICc=-40.8; Fig. S3 ; see SI 3 for details). Thus, both manipulations 178 affected mass, but the effect of the developmental manipulation was partially mediated via body 179 size, while, as expected, the effect of the adult manipulation was size independent. 180
Aging trajectories and lifespan between groups 181
We investigated the body mass aging trajectory within individuals in the different 182 environmental treatment categories, testing for the scenarios in Fig. 1 . In the complete dataset, 183 the aging trajectory was best described by a quadratic shape, rather than a linear shape 184 (ΔAICc=+375.5). A quadratic shape also fitted the data better than a terminal effect either on its 185 own (ΔAICc=+354.5) or in combination with a quadratic or linear decline (+5.3<ΔAICc<+341.9). 186
However, sexes differed in their age trajectory (Δage 2 * sex ΔAICc=-46.2) and in their 187 environmental susceptibility of the age trajectory (Δage 2 * foraging treatment * sex ΔAICc=-188 37.9). Moreover, females were slightly heavier than males (not corrected for their size; ΔAICc=-189 50.7; Table S3 ). To gain better insight in these interactions, we further analyzed the sexes 190
separately. 191
In males, the best fitting aging trajectory was quadratic (ΔAICc<-163.0; Table S4) between these patterns, we tested whether mass changed significantly with age pre-and post-198 peak. For all treatment combinations pooled, maximum body mass was reached at the age of 4.2 199 years. In the pre-peak phase, mass increased significantly with age (0.07 g/yr; 95%CI: 0.04, 0.11; 200 ΔAICc=-8.0), and mass decreased post-peak, albeit not significantly (-0.03 g/yr; 95%CI: -0.17, 201 0.09; ΔAICc=+5.3). Thus, for all treatment combinations pooled, male body mass aging 202 trajectories was quadratic, increasing till the age of 4.2 years followed by a non-significant 203
decline. 204
To compare the scaling of the onset of body mass decline with the median lifespan of all 205 treatment combinations, we analysed the aging trajectories of all treatment combinations in 206 separate models. This more sensitive approach confirmed a quadratic aging trajectory for all 207 treatment combinations (Fig. 3) . However, for the BB group, male body mass peaked late at the 208 age of 8.2 years (Fig. 3A) . In the other treatment combinations body mass peaked earlier, at 3.7, 209 3.4 and 3.9 years for HB, BH and HH respectively ( Fig. 3B-D) . Given a median lifespan per group 210 of 4.3, 4.0, 3.6 and 3.6 years for BB, HB, BH and HH respectively (Table 1) , this shows that aging 211 and lifespan are not scaled. Thus, analyzing all treatment combinations separately confirmed a 212 quadratic aging trajectory for male body mass and the onset of the post-peak decline was not 213 scaled to the group's median lifespan. 214
In females, the aging trajectory differed between the benign and harsh foraging environment 215 (Δage 2 * treatment ΔAICc=-16.1; Table S5 ). Analyzing these treatments separately revealed that 216 females in benign foraging environment had a quadratic trajectory (ΔAICc=-9.3; Fig. 3A & B) , 217 which was independent of brood size (ΔAICc>+6.5; Table S6A ). The quadratic random 'slope' 218 varied little between individuals relative to individual as random intercept (variance explained: 219 1.9% vs. 70%), showing that also female mass differed more between individuals in mean body 220 mass than in the aging trajectory. Females reached their maximum mass at a younger age than 221 males, at Δage = 0.03 years or an age of 3.2 years. The pre-peak increase in mass was four times 222 larger than in males (0.29 g/yr; 95%CI: 0.18, 0.39; ΔAICc=-17.0). The post-peak decrease was 223 between two and three times larger than the decrease in males, but not significant (-0.08 g/yr; 224 95%CI: -0.17, 0.01; ΔAICc=+3.5). Thus, for females in the easy treatment, mass changed 225 quadratically with age, characterized by a steep increase with a peak halfway through their life 226 that is followed by a shallow non-significant decline. 227
For females in the hard treatment the mass age trajectories were linear (ΔAICc=-8.1; Fig. 3C & D) 228 and differed between birds from small and large broods (Δage * brood size ΔAICc=-10.9; Table  229 S6B). For females reared in small broods, mass increased linearly with age, while mass 230 decreased with age in females from large broods ( Fig. 3C & D ; Table S6B ). Rates of mass change 231 (in absolute value) was close to 0.1 g/yr for both groups (small broods: 0.10 g/yr; 95%CI: 0.03, 232 0.17; large broods: -0.14 g/yr; 95%CI: -0.35, -0.13). Thus, for females in the harsh adult 233 environment mass changed linearly with age in a direction that depended on the developmental 234 conditions. 235
Aging trajectories and lifespan within groups 236
The approach in the analyses above implicitly estimates an average aging trajectory for all 237 individuals from a given group. However, there could be an association between lifespan and the 238 aging trajectory within experimental groups. We tested this using the interaction between 239 individual lifespan and within individual age terms (Δage, Fig. 4A-D) . The same result emerged for females in tables S6-243 S7 (ΔAICc>+6.7, Fig. 4E-H) . Thus, body mass of individuals with different lifespans within 244 experimental groups did not show different aging trajectories. 245
Discussion 246
Identifying how phenotypes change with age ( Fig. 1) , what affects these changes and how they 247 scale to lifespan are key questions in an ever longer living society. We here investigated whether 248 environmental manipulations that shortened lifespan accelerated body mass declines in zebra 249 finches. We found that male body mass increased with age, followed by a non-significant decline, 250
and this was independent of experimental treatments during development and in adulthood. In 251 females, the shape of the aging trajectory was treatment-specific: a quadratic shape as in males 252 (but significant) in the benign adult environment (BB and HB groups), a linear decline for the BH 253 group and a linear increase for the HH group. The environmental manipulations that shortened 254 lifespan altered aging in females but not in males, but the effects on both traits were never 255 scaled. This is partially because the environment can mold the shape of aging, a rarely studied 256 phenomenon. However, females lived shorter than males and for most experimental groups, 257 their body mass decline started earlier. Hence, environment-specific lifespan differences were 258 not associated with body mass aging, but sex-specific differences were. 259
Scaling of aging and lifespan 260
To what extent lifespan and aging are scaled remains poorly understood. A previous study using 261 long-lived C. elegans mutants found that for several traits, aging started at the same age for long-262 Marmota marmota (Tafani et al., 2013) . Note that most of these studies are in mammals. 285
Previous data in captive zebra finches found that males gained weight with age, while females 286 did not, but this was based on a small sample with three measurements per individual (Moe et 287 al., 2009). Hence a variety of body mass aging shapes were described, largely biased towards 288 mammals, of which a quadratic shape is the most abundant. 289
Population differences in body mass aging, possibly due to differences in environmental quality 290 were found before, but these focused on the onset or rate of body mass declines (Douhard et al., 291 2017; Hämäläinen et al., 2014). Our study expands our view on the flexibility of body mass aging 292 in previous studies by showing that not only the onset and the rate but also the shape of aging 293 can be environment-specific. This has rarely been investigated as individual variation in the 294 shape of aging trajectories is rarely tested for. Such variation can arise for example through 295 canalization when the association between trait value and fitness is environment-specific 296 and what determines this flexibility requires further study. 300
Sex-specific aging 301
For those experimental groups with a quadratic shape, we found that aging started earlier in the 302 shortest living sex, i.e. females. Theory on sex-specific aging predicts that the shortest living sex 
Manipulation effects on mass 318
Birds reared in large broods had lower mass in adulthood, in agreement with earlier studies 319 (reviewed in Griffith and Buchanan, 2010), and this effect was almost entirely due to their 320 smaller structural size. Increased foraging costs during adulthood also resulted in lower mass, 321 independent of size or rearing brood size. Size independent mass variation typically reflects 322 variation in energy reserves, and theory predicts energy reserves to increase with increasing 323 starvation risk (reviewed in Brodin, 2007). Starvation risk is higher in the high foraging cost 324 treatment because it increases vulnerability to factors that increase energy needs (e.g. 
